Antiferromagnetically ordered state of monoclinic quasi-one-dimensional S = 1/2 Heisenberg antiferromagnet CuSb 2 O 6 was studied combining torque magnetometry with phenomenological approach to magnetic anisotropy. This system is known to have a number of different twins in monoclinic β phase which differ in orientation of the two CuO 6 octahedra in unit cell resulting in different orientation of magnetic axes with respect to crystal axes for each twin. We performed torque measurements in magnetic fields H ≤ 0.8 T on a sample where certain type of twin was shown to be dominant by ESR spectroscopy. The measured data reveal that easy axis is the crystallographic b axis for this sample. Phenomenological magnetocrystalline anisotropy energy invariant to crystal symmetry operations was used to model spin axis direction in zero and finite magnetic field. Our model reproduces the value of the spin flop field H SF = 1.25 T found in literature. Combination of this approach with our torque results shows that the spin axis will flop in the direction of the maximal value of measured g tensor when magnetic field H > H SF is applied along easy axis direction. Our analysis of magnetocrystalline anisotropy energy predicts two possibilities for the easy axis direction in this system, b or a, connected to different crystallographic twins that can be realized in CuSb 2 O 6 . These results offer possibility to reconcile different reports of easy axis direction found in literature for this system and also nicely demonstrate how combination of torque magnetometry and phenomenological approach to magnetic anisotropy can be used to determine the value of the spin flop field and the direction of spin axis in antiferromagnets in both H < H SF and H > H SF by performing measurements in fields significantly smaller than H SF .
I. INTRODUCTION
Copper oxides represent one of the most studied materials in condensed matter physics. While this has its roots in realization of first high-temperature superconductors in cuprates, nowadays these materials present an arena for study of many interesting and potentially applicable phenomena related to magnetism. Magnetism in copper oxides comes from copper ion Cu 2+ which has unpaired electron carrying spin S = 1/2. Magnetic Cu 2+ ions are treated as spin-only and the effect of their unquenched orbital moment is included in anisotropic electron g tensor. Distorted and usually elongated CuO 6 octahedra found in most copper oxides are responsible for orbital ordering of the 3d orbital of the unpaired electron which then influences the dimensionality of the specific magnetic lattice defined by the dominant interactions between spins S = 1/2 and usually described by the isotropic Heisenberg Hamiltonian H = J ∑ i j S i · S j . In magnetically ordered states, however, magnetic moments choose specific directions in space which are not anticipated by this isotropic model. Weak anisotropic terms must then be added to the spin Hamiltonian which often significantly complicates the theoretical treatment of the properties of these systems. Exact experimental determination of magnetically ordered ground state can be helpful in identifying the relevant anisotropic contributions in specific system. * mirta@ifs.hr
In this work we study the antiferromagnetically ordered state of monoclinic quasi-one-dimensional CuSb 2 O 6 motivated by the different reports on easy axis direction and ground state magnetic structure found for this system in literature. We employ torque magnetometry as a sensitive probe of macroscopic magnetic anisotropy. Main advantage of torque magnetometry over magnetic susceptibility measurements is that magnetic torque measures in-plane magnetic susceptibility anisotropy rather than susceptibility along specific axis. This allows not only determination of the direction of easy axis in collinear antiferromagnet, but also predictions about the directions in which the spins will flop when magnetic field along easy axis direction is applied. Our analysis of the interplay of crystal structure and magnetic anisotropy of different crystallographic twins realized in CuSb 2 O 6 in combination with our torque measurements puts forward a possibility to reconcile different reports of the ground state magnetic structure of this system. CuSb 2 O 6 crystallizes in monoclinically distorted trirutile structure type [1] at room temperature. Below 380 K a second order phase transition takes place from high-temperature tetragonal α−CuSb 2 O 6 (space group P4 2 /nmn) to monoclinic β−CuSb 2 O 6 (space group P2 1 /n) [2, 3] . This phase transition lifts the degeneracy of four O2 oxygens which exists in the tetragonal phase. Above 380 K dynamic Jahn-Teller effect is realized in the tetragonal phase where higher vibronic states are occupied leading to fast dynamic exchange between the two different possibilities for elongation resulting in averaged compressed CuO 6 octahedra [2] .
Below the phase transition static Jahn-Teller effect is realized through localization of vibronic states in two energy minima of the ground-state potential surface, corresponding to CuO 6 octahedra elongated along the Cu-O2a or the Cu-O2 bond [2] . The phase transition from tetragonal to monoclinic phase is accompanied by a formation of crystallographic twins which is a result of two different choices for elongation of two crystallographically equivalent CuO 6 octahedra in the unit cell of CuSb 2 O 6 [3, 4] .
Magnetic susceptibility measurements revealed that CuSb 2 O 6 is quasi-one-dimensional antiferromagnet with intrachain exchange interaction J/k B ≈ 90 K [1] , which was unexpected given the almost square planar arrangement of magnetic Cu 2+ ions in the ab plane. Octahedral oxygen environment of the magnetic Cu 2+ ions gives rise to dominant Cu-O-O-Cu superexchange pathway which forms magnetic chains along the (a + b) direction at z = 0 and (a − b) direction at z = 0.5 [5, 6] . Band structure calculations interpreted the origin of one-dimensional magnetism in CuSb 2 O 6 as being driven by unusual orbital ordering which allows superexchange to be realized through d 3z 2 −r 2 orbitals and apical instead of square planar oxygens [7] . These calculations, however, were performed for tetragonal phase of CuSb 2 O 6 where CuO 6 octahedra are compressed. In monoclinic phase standard orbital ordering of d x 2 −y 2 orbitals is expected due to the above mentioned elongation of octahedra [6] .
Despite the one-dimensional character of the magnetic lattice of CuSb 2 O 6 , phase transition to long range antiferromagnetic order takes place below T N ≈ 8.5 K due to weak interchain interaction [4, 5, 8, 9] . The reports on magnetic structure and magnetic susceptibility anisotropy are, however, somewhat controversial. Neutron diffraction measurements determined the propagation vector k = (1/2, 0, 1/2) and reduced magnetic moment of µ e f f ≈ 0.5µ B [5, 8, 9] and µ e f f ≈ 0.4µ B in one study [10] . Magnetic moments within the ab plane are oriented antiparallel along a and c directions and parallel along b direction. Different orientations of magnetic moments with respect to crystal axes are, however, reported in literature. Powder neutron diffraction measurements revealed spins to be confined to ab plane, but could not distinguish between structure where spins at z = 0 and z = 0.5 are collinear and structure where they are canted [5] . Single crystal neutron diffraction studies in one case proposed magnetic structure with moments canted away from the b axis toward the a axis with different canting in z = 0 and z = 0.5 layers [9] . This choice of canting was based on the magnetic susceptibility anisotropy reported in the same paper [9] . Two other single crystal neutron diffraction studies showed that collinear antiferromagnetic order is realized with spins aligned in the b axis direction, although some weak reflections could not be indexed [8] , or were disregarded as signal from crystal twins [10] .
Below T N different magnetic susceptibility anisotropy reports are found in literature. Large decrease of susceptibility characteristically observed when magnetic field is applied along the easy axis has been reported for b axis direction [4, 11] , a axis direction [3] , and even for both directions [9, 12, 13] . Recent report on single crystal measurements of magnetic susceptibility showed that significant decrease of susceptibility below T N and spin flop transition at H SF = 1.25 T is observed when magnetic field is applied along both the a and b axis, suggesting that both a and b are the easy axes in CuSb 2 O 6 [12] . The magnetically ordered ground state of CuSb 2 O 6 is thus still not completely resolved.
In this work we attempt to shed some light on magnetically ordered ground state of CuSb 2 O 6 using torque magnetometry in magnetic field smaller than the spin-flop field. We combine our torque measurements with phenomenological approach to magnetic anisotropy where we model the magnetocrystalline anisotropy using crystal and magnetic symmetry restrictions to describe the anisotropic magnetic response of this system in finite magnetic field. This approach allows us to determine the orientation of spin axis in both zero field and in H > H SF . In Sec. II we describe the characterization of our sample by X-ray diffraction, magnetic susceptibility measurements and electron spin resonance (ESR) spectroscopy. In Sec. III A the results of torque magnetometry are presented. Phenomenological approach to magnetic anisotropy of CuSb 2 O 6 is used for the description of measured torque curves in Sec. III B. The results are discussed and the conclusion given in Secs. IV and V, respectively.
II. SAMPLE CHARACTERIZATION
Single crystals of CuSb 2 O 6 were grown using endothermic chemical vapor transport reactions with different transport agents. Firstly, polycrystalline CuSb 2 O 6 powder was synthesized by solid state reaction described in detail elsewhere [3] . Secondly, CuSb 2 O 6 powders and HCl or TeCl 4 were mixed and sealed in a 24 mm diameter and 20 cm long evacuated quartz tube. The tube was inserted in a two-zone horizontal tube furnace with a source-zone temperature of 900 • C and a growth-zone temperature of 800
• C for four weeks. In this way, millimeter-sized single crystals of CuSb 2 O 6 were obtained. No impurity phases were detected using X-ray powder diffraction. The crystals are yellow in color, as reported in literature [3] .
One large crystalline sample was ground into powder and used for measurements of average magnetic susceptibility. Small thin crystal with mass m = (91 ± 2) µg cut from larger crystal was used for torque measurements. On the surface of the sample thin stripes due to twinning were visible [3] . We did not attempt to detwin the sample. This sample was characterized by X-ray diffraction and ESR spectroscopy.
A. X-ray diffraction
The orientation of the crystal axes with respect to the sample morphology was determined using X-ray diffraction. The crystal was glued onto a glass fiber and the data were collected on an Oxford Diffraction Xcalibur 3 CCD diffractometer with graphite-monochromated Mo K α radiation (λ = 0.71073 Å) at room temperature. The orientation of (7) • , in good agreement with previously published data [1] . Presence of multiple twins, reported by other authors [2] [3] [4] [12] [13] [14] , was also observed in our data.
B. Magnetic susceptibility
Magnetic susceptibility of powder, χ , was measured using Faraday apparatus in the temperature range from 2 K to 330 K in magnetic field H = 7 kOe. Temperature dependence of magnetic susceptibility χ of CuSb 2 O 6 measured on powder is shown in Fig. 1 . The measured data can be described by the susceptibility of one-dimensional (1D) spin S = 1/2 Heisenberg antiferromagnet with J/k B = 94 K and g = 2.11 [15, 16] , in agreement with results reported in literature [1, 3, 4, 8, 9, 12] . At T N ≈ 8.5 K a kink in susceptibility marks the phase transition to long range magnetic order. Below T N χ decreases as temperature decreases in a manner typical for collinear antiferromagnet [17] . To determine the direction of the easy axis we employ torque magnetometry in Section III A.
C. ESR spectroscopy
X-band ESR measurements were performed at T = 80 K using Bruker Elexsys 580 FT/CW X-band spectrometer equipped with a standard Oxford Instruments model DTC2 temperature controller. The microwave frequency was ∼ 9.7 GHz with the magnetic field modulation amplitude of 5 G at 100 kHz. ESR spectra were recorded at 5 • steps and the rotation was controlled by a home-built goniometer with the accuracy of 1 • . The uncertainty of ≈ 5 • was related to the op- timal deposition of the crystal on the quartz sample holder. We performed ESR spectroscopy measurements at T = 80 K to determine the number and type of twins in our single crystal sample which is used for torque magnetometry study described in Sec. III A. Previous detailed ESR analysis of CuSb 2 O 6 has shown that there are four possible twin domains in the monoclinic β phase which appear simultaneously during the structural phase transition [2, 4] .
Spectra measured at several different directions in the bc plane of our sample are shown in Fig. 2 . Four ESR peaks of different intensity could be detected while for H||b only one single Lorentzian line is observed. Two central lines, one of which was the most intensive line in the spectra (twin 1) and the other was weak (twin 2), are located at approximately the same resonant fields and therefore it was difficult to distinguish them. Each of the four lines can be explained by the anisotropic Zeeman interaction due to the anisotropic g tensors of the two magnetically inequivalent Cu 2+ ions in the unit cell which merge to one resonance due to strong exchange coupling [4] . To obtain angular dependence of g factor for each line, when possible, we fitted our spectra to four individual Lorentzian lines parametrized by its resonance field H res ∝ g, linewidth ∆H and intensity. The results of fit are shown as solid lines describing the spectra in Fig. 2 . Due to low resolution of our X-band spectra, the contributions of twins 1 and 2 were difficult to distinguish at almost all angles, and contributions of all four twins were difficult to distinguish around b and c axes where spectra of different twins merge. Intensities resulting from the fit suggest that twins 3 and 4 make up for less than 10% of our sample.
Appearance of the observed four different twins in β-CuSb 2 O 6 has its origin in a change occurring in CuO 6 octahedra as they go through phase transition from high-temperature tetragonal to the low-temperature monoclinic phase. There are two differently oriented but crystallographically equivalent CuO 6 octahedra in the unit cell of CuSb 2 O 6 . In the tetragonal α phase CuO 6 octahedra are compressed with the direction of compression being along the Cu-O1 bonds, and four
Cu-O in Oct2 axis equivalent Cu-O2 bonds in the equatorial plane. In the monoclinic β phase CuO 6 octahedra become elongated along two of the Cu-O2 bonds which now become Cu-O2a bonds, while the other two Cu-O2 bonds shrink to form an equatorial plane with Cu-O1. Direction of compression in α phase and elongation in β phase is thus not the same. Four different twins can emerge from two different choices for elongation for each of the two magnetically inequivalent CuO 6 , as already discussed in Ref. 2 and evidenced in ESR measurements [4] . Using terminology of Ref. 4 , we label those twins in roman letters from I to IV. In Fig. 3 we show the two CuO 6 octahedra for twin I, Oct1 and Oct2, in orange and blue. In table I Local magnetic axes, x, y, and z of each CuO 6 octahedron are defined by the CuO 4 plaquette of four nearest oxygens [2, 4] . Local x axis is in the direction of Cu-O1, y is in the plaquette, nearly in the Cu-O2 direction, and z is perpendicular to the plaquette [2, 4] . z axis is thus ≈ 12 • away from the apical Cu-O2a bond of the octahedron. This choice of local magnetic axes was corroborated by the measured g factor anisotropy for each twin [4] . The resultant macroscopic magnetic axes of the sample, m 1 , m 2 and m 3 , are thus not in the direction of the crystal axes. Direction of macroscopic magnetic axes in Cu 2+ S = 1/2 systems can be determined experimentally as the axes in which the g 2 tensor and magnetic susceptibility tensorχ are diagonal.
Using the above given local magnetic axes we obtain for twin I that macroscopic magnetic axis m 2 is in the direction of the b axis, m 2 =b, and m 1 and m 3 are in the ac plane. The angle between axes m 1 and c in twins I and II amounts to ∢(m 1 ,ĉ) ≈ 49 • , and ∢(m 3 ,ĉ) ≈ 41 • , but the orientation of these axes is different in those twins, as evidenced from ESR measurements [4] . In twins III and IV b axis is no longer magnetic axis, as was observed in previously reported ESR measurements [4] , and as can be seen from our results for twins 3 and 4 shown in Fig. 2 . This has consequences for the crystal symmetry, as we will now argue. In twins I and II b axis is one of the magnetic axes and the other two magnetic axes are in the ac plane and are rotated from a and c crystal axes, as evidenced from ESR measurements [4] . According to Neumann's principle any physical property of a crystal must be invariant to the same point group symmetry operations as the crystal structure [18] . For CuSb 2 O 6 this means that measured g 2 tensor and susceptibility tensor must be invariant to 2/m symmetry operations [19] with respect to b axis for conventional choice of b axis as unique axis in P2 1 /n space group, which can also be written as P12 1 /n1. For twins I and II that is indeed the case. For twins III and IV b axis is no longer magnetic axis, as can be seen from Fig. 2 and also in Ref. 4 . Magnetic axes for those twins are axis m 2 =â, and axes m 1 and m 3 which correspond to directions of minimal and maximal value of g in the bc plane. Magnetic properties such as g 2 tensor and magnetic susceptibility tensor are now invariant to 2/m symmetry elements with respect to the a axis. According to Neumann's principle this means that unique axis is a axis for twins III and IV and their space group should be labeled as P2 1 /n11. We distinguish these two symmetry variations of P2 1 /n in table I. This will be helpful in construction of magnetocrystalline anisotropy energy for each of the twins in Sec. III B.
Another possibility of interpreting g factor data for twins III and IV would be by assuming that these twins have axes a and b rotated by 90 • with respect to those of twins I and II. We are not able to either support or dispute this possibility from our structural measurements and since it was not suggested by previous structural measurements [2] [3] [4] we continue by assuming common crystal axes for all twins in our sample.
III. RESULTS

A. Torque magnetometry in the AFM state of CuSb 2 O 6
Magnetic torque was measured with home-built torque apparatus which uses torsion of thin quartz fiber for torque measurement. The sample holder is made of ultra pure quartz and has an absolute resolution of 10 −4 dyn cm. The uncertainty of ≈ 5 • was related to the optimal deposition of the crystal on the quartz sample holder. This uncertainty was somewhat larger for the a * b plane because of sample's morphology.
Magnetic torque τ acting on a sample of volume V with magnetization M in magnetic field H is given by expression
In our experiment magnetic field is rotated in an xy plane and only τ z component of torque perpendicular to that plane is measured. In case of linear response of induced magnetization to applied magnetic field, M =χ · H, whereχ is magnetic susceptibility tensor, we obtain for the measured component of torque
In expression (2) m is the mass of the sample, M mol is molar mass, χ x and χ y are susceptibility tensor components along directions x and y expressed in emu/mol and θ is the angle magnetic field makes with the x axis. Directions x and y represent directions along which the torque is zero, i.e. magnetization is parallel to applied magnetic field. These directions are the directions of magnetic axes in the xy plane. From expression (2) we see that measured component of torque is proportional to magnetic susceptibility anisotropy, ∆χ xy = χ x − χ y , in the plane of rotation of magnetic field. This result is applicable to paramagnets and also collinear antiferromagnets when applied magnetic field is much smaller than the spin flop field H SF . Measurements in the paramagnetic state (not shown here) were performed on a larger sample. Angular dependence obeys Eq. (2) and magnetic susceptibility anisotropy displays the same temperature dependence as and bc plane, while in the ac plane susceptibility anisotropy remains comparable to its value above T N . Susceptibility anisotropies ∆χ ba * = χ b − χ a * and ∆χ bc = χ b − χ c amount to −2.2 · 10 −3 emu/mol at T = 4.2 K, which is slightly larger than the value of χ at T N , see Fig. 1 . In collinear antiferromagnet susceptibility anisotropy at T = 0 amounts to χ ⊥ − χ ≈ χ ⊥ , where χ ⊥ is expected to be temperature independent below T N [17] . Since T N = 8.5 K in CuSb 2 O 6 , field. In low magnetic fields, H 5 kOe, angular dependence in both planes follows Eq. (2). In higher fields, however, a deviation from this dependence is observed. The deviation is most easily observed as a shift of the angle of maximum and minimum of torque away from the angle it is situated on in lower field. The deviation grows with applied magnetic field and it is slightly larger in the bc plane. The observed deviation of torque is a result of reorientation of spin axis from the easy axis direction and is typical for uniaxial antiferromagnets when applied magnetic field becomes comparable to the spin flop field H SF [20, 21] . In our case the deviation is observed in both a * b and bc plane, although it is stronger in the latter. In the next section, we study influence of the magnetic anisotropy on the torque curves of this system using phenomenological approach in which magnetic anisotropy is described by the symmetry-obeying magnetocrystalline anisotropy energy. Comparison with measured data will allow us to determine the spin axis direction in both zero field and for H ||b > H SF .
B. Phenomenological approach to magnetic anisotropy in
Effect of spin reorientation phenomena in uniaxial antiferromagnets on the torque curves has been successfully studied using phenomenological expression for uniaxial anisotropy energy [20, 21] . This approach has often been limited to only one plane in which the spins are allowed to rotate [21] . In this work we use the three-dimensional anisotropy energy allowed by symmetry where we allow the spin axis to rotate away from the easy axis in the direction which minimizes the total energy in finite magnetic field. This rotation is described by the rotation of the susceptibility tensor. From the rotated susceptibility tensor we can calculate the magnetization and, using Eq. (1), the torque. This approach was used recently to describe the measured torque curves in antiferromagnetically ordered phases of tetragonal Bi 2 CuO 4 in terms of easy plane anisotropy [22] , and cubic Cu 3 TeO 6 in terms of cubic anisotropy [23] .
Magnetic susceptibility tensor for system with monoclinic space group P12 1 /n1 written in (a * , b, c) coordinate system is given by [18] χ
The above given expression for susceptibility tensor is valid for twins I and II. Assuming all twins have common a and b axes, for twins III and IV space group P2 1 /n11 is more appropriate and unique axis is the a axis, as already discussed in Sec. II C. The coordinate system used in that case is (a, b * , c) and the only nonzero nondiagonal element of the susceptibility tensor is then χ bc .
Magnetic susceptibility tensor is diagonal in coordinate system spanned by the macroscopic magnetic axes (m 1 , m 2 , m 3 ) , where m 1 , m 2 and m 3 for each twin are given in table I. In what follows we use coordinate system spanned by magnetic axes (m 1 , m 2 , m 3 ) .
The most general second-order magnetocrystalline anisotropy energy invariant to symmetry operations of monoclinic β phase of CuSb 2 O 6 can be written as [24] F a = K 1 sin
where K 1 and K ′ 1 are phenomenological anisotropy constants and θ and φ are polar and azimuthal angles, respectively. To describe the observed result that axis m 2 is the easy axis (b)
in CuSb 2 O 6 we set K ′ 1 > K 1 . This gives the anisotropy energy a global minimum at angles (θ, φ) = (π/2, π/2) to which we assign the direction of m 2 . The shape of this anisotropy energy is shown in Fig. 8 . The saddle point represents a direction in which the spins will reorient when magnetic field H ≥ H SF is applied in the easy axis direction m 2 . By symmetry requirements other two axes corresponding to saddle point and global maximum can be directed anywhere in the plane spanned by global magnetic axes m 1 and m 3 . Magnetic symmetry, however, prefers these directions to be in the directions of the magnetic axes. This leaves us with two choices: preferred direction of spins when they flop (the saddle point) is along m 1 or m 3 , the directions of minimal and maximal components of magnetic susceptibility in the (m 1 , m 3 ) plane, respectively. We performed calculations for both and our results favor m 3 in the direction of the saddle point, such as shown in Fig. 8 .
Magnetocrystalline anisotropy energy, Eq. (4), gives us the direction of the easy axis, i.e. spin axis in zero magnetic field. In experiment finite magnetic field H(ξ, ψ) = H 0 (cos ξ sin ψ, sin ξ sin ψ, cos ψ) is applied, where H 0 is the magnitude of the field, ψ is the polar angle the field makes with axes m 3 and ξ is the azimuthal angle that the projection of H on the (m 1 , m 2 ) plane makes with the axes m 1 . The Zeeman term, F Z , can be written as
In our calculations we use measured components of magnetic susceptibility expressed in emu/mol and magnetic field H expressed in Oe. This gives F Z expressed in erg/mol, so our anisotropy constants in expression (4) for anisotropy energy are given in units erg/mol. In low magnetic field, H ≪ H SF , the susceptibility tensor in Eq. (5) is diagonal
As magnetic field increases the spin axis start to reorient from the easy axis direction to minimize the total energy. Following procedure for in-plane reorientation in uniaxial antiferromagnets [20] and more general reorientation in easy plane [22] and cubic [23] antiferromagnets, we describe the reorientation of spin axis as a rotation of the susceptibility tensor
where R(θ, φ) = R m 3 (φ − π/2) · R m 1 (θ − π/2) is the matrix that describes the rotation of the susceptibility tensor [25] . To obtain the direction of the spin axis in finite magnetic field H(ξ, ψ) we minimize the total energy
with respect to θ and φ. This approach assumes collinear two sublattice antiferromagnet and it allows us to obtain the direction of the spin axis as the direction of the minimal value of susceptibility tensor with respect to magnetic axes.
In our simulations we construct the diagonal susceptibility tensor in such a way to reproduce the measured values χ a , χ b and χ c in tensor (3) found in literature. Using χ m 1 = 1.99 · 10 −3 emu/mol, χ m 2 = 2.0 · 10 −4 emu/mol and χ m 3 = 2.39 · 10 −3 emu/mol gives χ a * = 2.16 · 10 −3 emu/mol, χ b = 2.0 · 10 −4 emu/mol, χ c = 2.22 · 10 −3 emu/mol and χ ac = ∓2 · 10 −4 emu/mol, where − and + are signs for twins I and II, respectively. We then search for correct values of anisotropy constants K 1 and K ′ 1 by calculating the dependence of magnetization on magnetic field and by finding values of K 1 and K ′ 1 which reproduce the value of the spin flop field H SF ≈ 1.25 T reported in literature from magnetization [4, 10, 12] and ESR measurements [4] . Using the following values for anisotropy constants K 1 = 5 · 10 4 erg/mol and K ′ 1 = 2.21·10 5 erg/mol gives the dependence of magnetization on magnetic field shown in Fig. 9 where spin flop is observed for magnetic field of H = 1.25 T applied along the m 2 =b axis. These values of anisotropy constants are of the order of magnitude typical for uniaxial antiferromagnet with this magnitude of H SF [26] . In Fig. 9 we also show calculated magnetization for magnetic field applied in the a * , c, m 1 and m 3 direction. We observe that for H ||b ≥ H SF magnetization obtains the value it has for H||m 3 . Absolute value of our calculated magnetization compares very well with the measured values from Ref. 4 .
The orientation of the spin axis obtained from our calculations for H ||b ≥ H SF is in the direction of m 3 , which = (−η, 0, γ) for twin I, where η = 1 − γ 2 and γ = 0.7584 expressed in (a * , b, c) coordinate system. This means that spins have components along both a and c axis. If we express the observed direction m 3 in the monoclinic (a, b, c) system, we get for spin axis direction (m 3a , m 3b , m 3c ) = (−0.6519, 0, 0.7712), where m 3a , m 3b and m 3c is the projection of the m 3 axis on a, b and c axis, respectively. This gives |m 3a /m 3c | ≈ 0.85, which represents the ratio of magnetic moment along a and c axes in our model. Obtained result compares rather well to the ratio of projections of magnetic moment m a /m c ≈ 0.81 observed in elastic neutron diffraction experiment performed on single crystal in H = 6 T applied along the b axis of CuSb 2 O 6 [10] . The orientation of spin axis for twin I in zero field and for H ||m2 > H SF is shown in Fig. 10 . Results for other twins are given in table I. Our result for the direction of spin axis is of course a consequence of the choice of the shape of phenomenological magnetocrystalline energy (4) . To further prove that this choice is correct, we continue to calculate the angular dependence of torque using the same anisotropy energy.
Magnetization M =χ · H, expressed in emu Oe/mol is calculated for applied field H from the susceptibility tensor χ obtained from the minimization of total energy (8), as decribed above. Magnetic torque is then calculated using expression τ = m/(2M mol ) M × H, where m and M mol are mass and molar mass of the sample, respectively. This gives torque in units of erg or dyn cm. We compare our measured torque with calculations for twin I only, since twins I and II are in great majority in our sample. Calculations for twin II for planes a * b and bc in which the measurements were performed give the same torque curves as twin I due to symmetry, although the direction of spin axis in the flopped phase is different (see table I ). In Figs. 6 and 7 the results of calculations plotted by solid line are compared to the measured values. We multiply both measured and calculated torque by (2M mol )/(mH 2 ). The agreement of simulation and experiment is very good. Angular dependence given by expression Eq. (2) (dashed line in Figs. 6 and 7) , expected when no reorientation of spin axis takes place, describes the data well only in fields H 6 kOe. Having assumed that axis m 3 is in the direction of the saddle point of anisotropy energy, we obtain the result in which the deformation of the angular dependence in higher fields is slightly larger in the bc plane than in the a * b plane. Calculation with m 1 axis in the direction of the saddle point gives the opposite result which is not in agreement with the experiment.
IV. DISCUSSION
Our study of magnetic anisotropy of magnetically ordered state of CuSb 2 O 6 was motivated by different reports on the direction of the easy axis in this system [5, [8] [9] [10] 12] . Torque magnetometry is sensitive to magnetic susceptibility anisotropy, see Eq. (2), and as such is a reliant experimental method for determining the direction of easy axis in simple collinear antiferromagnets [20, 21] . We characterized our sample by performing ESR measurements to determine the presence and type of crystallographic twins which can have two different directions of the elongation in two crystallographically equivalent CuO 6 octahedra, as summarized in table I. Twins of type I and II with b axis as unique axis were shown to be dominant, and twins III and IV are found to make up less than 10% of the sample. The dominance of twins I and II was also reported in literature [3, 4, 14] . From our torque magnetometry measurements we determined that in our sample, for which majority of twins are of type I and II, easy axis is along b axis.
Direction of easy axis in twins III and IV depends on weather these twins share common crystal a and b axes with twins I and II. There is a possibility that for twins III and IV a axis is in the direction of the b axis of twins I and II. Easy axis of twins III and IV are then also in the b direction, but will be observed when field is applied in the direction of a axis in twins I and II. This scenario trivially explains how easy axis behavior can be observed for field applied along both a and b axis. However, there is another explanation we put forward in our analysis which assumes that a and b axes are common for all twins, but unique crystallographic axes of monoclinic crystal structure are different. In twins I and II b axis is unique axis of monoclinic crystal structure, and in twins III and IV it is a axis. Twins I and II thus have P12 1 /n1 symmetry while twins III and IV P2 1 /n11 symmetry. This conclusion is drawn from the analysis of g 2 andχ tensors in relation to the Neumann's principle. We proceed with discussion assuming this scenario is realized in CuSb 2 O 6 .
Magnetocrystalline anisotropy of twins III and IV must have the same shape as for twins I and II shown in Fig. 8 when expressed in their respective macroscopic magnetic axes. Since it must be invariant to symmetry operations of the space group in the same way as magnetic susceptibility tensor, the m 2 axis in Fig. 8 must correspond to the unique axes of monoclinic crystal structure, i.e. m 2 =â. m 1 and m 3 are then defined in the same way as for twins I and II, but are constrained to the bc plane. Consequently, for twins III and IV easy axis is the a axis and in H ||a ≥ H SF the spins flop in the direction m 3 , which is now in the bc plane (see table I ). In our sample twins III and IV together amount to less than 10% of the total sample, so we cannot quantitatively confirm this result. However, it would explain why in some cases reported in literature significant decrease of χ a is observed along with the decrease of χ b . Directions of easy axis and spin axis in flopped phase for each twin obtained from our phenomenological model are summarized in table I.
For one sample of CuSb 2 O 6 it was recently reported that in the AFM ordered state easy axis and spin flop was observed for both a and b directions [12] . Indeed, the reported decrease of susceptibility along both a and b axis in that sample was comparable in magnitude corroborating this claim. Our analysis would explain this observation if different twins were present in this sample, regardless of the reason (common or rotated a and b axes) but authors claim that they managed to completely detwin their sample. In that case the anisotropy of their sample should be described by different type of anisotropy energy, such as found in tetragonal easy plane antiferromagnet Bi 2 CuO 4 [22] . The symmetry of this anisotropy energy is higher than required for monoclinic CuSb 2 O 6 . In more recent papers by the same authors on, presumably, same samples the decrease of χ a was significantly smaller than of χ b [13] and some twinning of the samples was reported [14] . The polishing of the surface which was used to detwin the samples in Ref. 12 and the method of taking the Laue images to determine the presence of twins was shown to be insufficient by Prokofiev et al. who also used this procedure and then went on to further investigate the apparently detwinned samples by X-ray counter diffractometer only to show that twinning still persists [3] . In the same paper, Ref. 3 , different attempts to completely detwin the samples were reported to be unsuccessful and the conclusion was drawn that polishing only detwinns the surface. This adds to our claim that if two directions of easy axis, a and b, appear in the sample of CuSb 2 O 6 , they must come from different crystallographic twins. In one single crystal neutron diffraction study, which determined the b axis as easy axis, weak peaks from different twins were also observed, but these were, at least partially, removed from analysis.
In order to unambiguously determine that the direction of easy axis can be different in different type of twin, as our analysis suggests, a systematic study of the contribution of different twins should be performed in samples where both a and b axis were observed as easy axis. However, such quantification of the contribution of different twins was not reported so far in literature, except in this study and in Ref. 4 , where samples with dominant twins I and II are found, and where easy axis is the b axis. A fully systematic study with different diffraction techniques, ESR and local magnetic techniques such as nuclear magnetic resonance, should also include the systematic pressure treatment of the samples to determine what is the factor that influences the contribution of different twins. While such analysis is beyond the scope of this work, it presents an interesting topic for future research.
Finally, let us briefly comment on microscopic magnetic anisotropy that drives this system to specific arrangement of spins found in the ordered state. As stated in the introduction, for Cu 2+ spin S = 1/2 systems anisotropy of the magnetically ordered states is driven by the weak anisotropic exchange. In CuSb 2 O 6 antisymmetric anisotropic exchange i.e. Dzyaloshinskii-Moriya interaction [27] , is not allowed between spins on chain and collinear arrangement of spins found in ground state suggests that it can be ignored. Symmetric anisotropic exchange then seems to be the reason behind the observed arrangement of spins. However, it was recently reported that spin-orbit coupling can induce weak single-ion anisotropy in spin S = 1/2 transition metal ions and that this can be the driving mechanism behind arrangements of spins observed in some systems where standard approach fails [28] . Perhaps small spin flop field of 1.25 T observed for this sample is connected to the gap induced by this type of weak anisotropy.
V. CONCLUSION
The antiferromagnetically ordered state of monoclinic CuSb 2 O 6 , which is still not satisfactorily understood, was studied using torque magnetometry as a sensitive probe of macroscopic magnetic anisotropy. Multiple crystallographic twins were detected by structural and ESR analysis which showed that in our sample dominant twins have P12 1 /n1 symmetry with b axis as unique axis. Torque measurements reveal that b axis is the easy axis in this sample. However, our analysis of crystal and magnetic symmetry of different twins in monoclinic CuSb 2 O 6 shows that both a and b axes can emerge as easy axis in different twins. Combining torque results with phenomenological approach to magnetocrystalline anisotropy energy we predict that when magnetic field H ≥ H SF is applied along easy axis the spins flop in the direction of the macroscopic magnetic axis along which the susceptibility and g 2 tensor have maximal values and that this direction is different for different twins. Our result nicely demonstrates how torque magnetometry can be used to determine the values of the spin flop field and the symmetry of the antiferromagnetically ordered state in both H < H SF and H > H SF by performing measurements in fields which are significantly smaller than H SF . Results presented in this work offer possibility to reconcile different reports on easy axis direction found in literature and present a challenge for future studies of the crystal symmetry and magnetically ordered state of this system.
